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a b s t r a c t 
Trapping volatiles is a convenient way to study aroma compounds but it is important to determine which 
volatile trapping method is most comprehensive in extracting the most relevant aroma components 
when investigating complex food products. Awareness of their limitations is also crucial. (Un)targeted 
metabolomic approaches were used to determine the volatile profiles of two commercial flavourings. 
Four trapping techniques were tested as was the addition of salt to the mixture. Comprehensiveness and 
repeatability were compared and SBSE proved particularly suitable for extracting components such as 
polysulfides, pyrazines and terpene alcohols, and provided an overall broader chemical spectrum. SPME 
proved to be more suitable in extracting sesquiterpenes and DHS in extracting monoterpenes. Adding salt 
to the sample had only quantitative effects on volatiles as detected by SPME. These results help clarify 
the advantages and limitations of different trapping techniques and hence deliver a valuable decision tool 
for food matrix analysis. 
© 2020 The Author(s). Published by Elsevier B.V. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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0. Introduction 
Volatile and semi-volatile compounds play a central role in food
uality as they are often the fragrant or bioactive compounds that
re primarily important in imparting positive sensory attributes.
owever, such components can also be instrumental in imparting
egative sensory attributes through being so-called, ‘off-flavours’.
ff-flavours (and taints) are undesirable sensory notes often aris-
ng as a result of incorrect preparation methods, natural prod-
ct degradation or the use of incorrect storage procedures [1] .
or many years the more standard techniques used for extracting
olatiles and semi-volatiles involved some kind of liquid-liquid ex-
raction. However, a recent trend is a progression towards simpli-
cation, miniaturization and minimization of organic (toxic) sol-ents used in order to be more sustainable and also reduce waste 
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021-9673/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article 2 , 3 ]. There are now several sorptive-based methods which are
aster and avoid the use of organic solvents for the analysis of
olatile compounds [4] . These methods commonly use ab- and
dsorptive materials in which the volatiles are collected either
n or above (headspace) a (liquid) food matrix. Headspace ex-
raction (e.g. SPME: Solid-phase micro extraction; DHS: Dynamic
eadspace; HSSE: Headspace sorptive extraction) or in-liquid ex-
raction (e.g. SBSE: Stir bar sorptive extraction) are the most pop-
lar among all the techniques proposed in recent years [5] . 
Fig. 1 shows a schematic set up of the four trapping techniques
sed in this study. Stir bar sorptive extraction in solution (SBSE)
nd in headspace (HSSE), are based on the trapping of volatiles
nto a polymer coated on a magnetic stir bar [6] . Both SBSE and
SSE are techniques that were developed 20 years ago and have
hown great capacity for the static sorptive extraction at (ultra-
trace levels of non-polar to medium-polar solutes with volatile to
emi-volatile characteristics in complex food systems [5] . The stir
ar can be either placed in the liquid sample or in the so called
eadspace above ( Fig. 1 ). The latter requires that the volatiles areunder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. A schematic representation of the four volatile trapping techniques used in this study. The ab-/adsorbent coatings, used specifically in this study, are highlighted in 
red. We can differentiate between static in-solution, static in-headspace and dynamic in-headspace approaches. SBSE: Stir-bar sorptive extraction; HSSE: Headspace sorptive 
extraction; SPME: Solid-phase microextraction; DHS: Dynamic headspace system. 
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gdriven out of the sample material into the headspace. On the other
hand, SPME has become a more widely used headspace technique
to analyse volatiles arising from many types of food sample [7] ,
due to particularly its easy automation and the wider variety of ab-
/adsorbent polymers available. SPME uses a small fused-silica fiber
that is coated with one or more polymers to trap the volatiles.
The other commonly used method to trap volatiles in foodstuffs
is done by a dynamic headspace system (DHS). Its main difference
compared to static techniques is that DHS traps volatiles through
flushing the sample with a flow of gas. This helps accumulate the
analytes more efficiently in the adsorbent phase which can be di-
rectly connected to the vial through a needle. DHS also provides a
wide variety of adsorbents. All four techniques have their own ad-
vantages and disadvantages and hence the specific research ques-
tion should determine which is optimal. In respect to sensitivity
and selectivity, for instance, the availability of different coating
polymers and coating volumes can influence the performance of
the technique for certain compounds. With SBSE, as compared to
SPME, more sorptive phase volume is used (24μL and 0.5μL, re-
spectively) and consequently, higher sensitivities can be achieved
[8] . On the other hand, SPME fibres are currently available in sev-
eral combinations of different types of coating while for SBSE and
HSSE the coatings are limited to two (PDMS and EG-Silicone). Con-
sequently, the selectivity of the technique for certain compounds
differs depending on the coating used. Additionally, static and dy-
namic modes have shown different chemical profiles of the same
food samples [9] . DHS does not depend on the equilibrium be-
tween the gas and liquid phase. Therefore, DHS is able to con-
centrate the analytes at ultra-trace levels and thus sensitivity also
improves [10] . The goal of this study was to compare the four
trapping techniques for comprehensiveness and repeatability by
analysing two process flavours with high diversity in its chemical
composition. 
Process flavours, also referred to as ‘reaction flavours’, are com-
posed of a complex mixture of ingredients that are thermally pro-
cessed under controlled conditions during manufacture. They are
important flavouring ingredients regularly added to improve taste
and enhance specific sensory attributes in savoury food products,
such as soups, snacks, sauces or ready-to-eat meals [11] . One of the
most prominent group of process flavours now used as flavouring
ingredients are based on yeast autolysates and extracts [12] . They
enhance flavour by imparting cheesy, meaty or savoury notes, and
can be used in meat substitutes for vegetarian food applications.wo examples of commercial process flavours are Maxagusto TM 
DSM Food Specialties, the Netherlands) and Flavour Yeast Extract
Hubei Angel Yeast Co. Ltd, China). By varying the yeast strain, the
east processing conditions, such as temperature and time, and the
ombination with other basic ingredients, different savoury notes
an be obtained to create a wide palette of high quality taste and
roma supplements [13–15] . Studying which volatile compounds
ight contribute to the aroma and taste of process flavours is of
reat importance for food formulation and flavour studies. The re-
ctions that lead to the formation of these volatiles during the pro-
uction of process flavours are mainly related to lipid oxidation,
aillard reactions and thermal degradation of sugars, proteins, ri-
onucleotides, pigments and vitamins [16] . Of particular interest
re Maillard reactions, which occur between a nitrogen-containing
ompound and a reducing sugar [17] . When catalysed by high tem-
eratures, a cascade of chemical reactions are triggered to po-
entially form a vast range of volatile aroma-related compounds.
hese compounds are chemically diverse and display many differ-
nt physico-chemical properties (for an overview see [11] ). Conse-
uently, characterizing the volatile composition of process flavours
ill give us insight into strategies for improving flavour quality,
nd approaches for investigating the link of certain volatiles to de-
irable sensory attributes. 
This study aims to detect the highest number of volatile com-
ounds present in process flavours in a reproducible manner. We
ave focused on the most novel sorption-based techniques (SBSE,
SSE, SPME and DHS) as they do not need the use of any (toxic)
rganic solvents and they are fast, easy to manipulate and cost-
ffective, among many other reasons [5] . We hypothesized that,
rom all sorptive techniques, SBSE will cover a higher range of
olatiles as it is in direct contact with the liquid and thus, more
olar and less volatile compounds will (additionally) be trapped
s compared with the most commonly used techniques (SPME and
HS). 
To test our hypothesis, we have developed and compared four
olatile trapping techniques coupled to GCMS in order to study
hich technique gives the most comprehensive overview of the
olatile composition of two different process flavours (Maxagusto
28 and Maxagusto S99). Repeatability of the techniques was also
ested. Furthermore, the use of salt in sample preparation was also
ested as some salts are known to release more volatiles into the
as phase. 
C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 3 
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g. Materials and Methods 
.1. Food materials 
Two yeast extract-based process flavours from the series Maxa-
usto were obtained from DSM Food Specialties (Delft, the Nether-
ands). These are commercially available as Maxagusto G28 and
axagusto S99 ( https://www.dsm.com ). Maxagusto G28 is an aro-
atic, pungent garlic flavouring reported to have a distinct fresh,
ried garlic profile. Maxagusto S99, in contrast, has a natural
oasted spice base for Asian-type recipes with the flavour of
ooked vegetables ( https://www.dsm.com ). Both were obtained as
0 g dry powder in sealed foil bags. After the samples were
liquoted, they were stored at -80 °C until analysis. 
Prior to analysis, Maxagusto samples were suspended in tap
ater at a concentration of 2 mg/mL. This concentration is equiv-
lent to the dosage level commonly used in the food application.
nce the powders were fully suspended, they were sonicated for
0 min to break up any remaining aggregates or small solid par-
icles. For the method involving salt ( Section 3.4 ), a saturating
mount of salt at a final concentration of 5 M (for CaCl 2 ) and 6
 (for NaCl) was added after the Maxagusto samples had been
issolved. The vials were stirred and immediately closed after the
ddition of salt. Screw-cap glass vials (10 mL and 20 mL) with sil-
cone/PTFE septa (Supelco, PA, USA) were used. 
.2. Chemicals 
A range of reference chemicals were used: an n -Alkane (C 8 -C 22 )
eries was purchased from Sigma-Aldrich (Milwaukee, WI, USA).
he standards used for metabolite identification were: Benzalde-
yde, Diallyl-disulfide, Dimethyl-disulfide, 2,5-Dimethyl-pyrazine, 
imethyl-trisulfide, p -Eugenol, Furfural, Hexanal, D-Limonene,
ethyl-propyl-trisulfide, Nonanal, Octanal, alpha-Pinene, alpha- 
erpineol and alpha-Terpinolene. All compounds were purchased
rom Sigma-Aldrich. Methanol (Biosolve BV, NL) was used as sol-
ent for the preparation of the standard solutions. Calcium chloride
CaCl 2 ) and sodium chloride (NaCl) were purchased from Sigma-
ldrich and Honeywell-Fluka (Seelze, Germany), respectively. 
.3. Trapping techniques 
Four different trapping techniques for volatile compounds were
ested in this study. For all four, samples were analysed using the
ame GCMS instrument with the same settings by thermally des-
rbing them using a multi-purpose sampling robot (MPS-2, Ger-
tel, Mülheim, Germany). Prior to the comparison of these four
ethods an extensive series of preliminary trials was performed
or each in order to determine which specific set of parameters
nd settings gave the best results. Different combinations of adsor-
ent types, extraction times, temperature regimes, etc. were tested
s described in Supplementary Table S1. The best result was con-
idered to be those conditions which gave the most comprehen-
ive overview of the components present. The optimal procedure
or each method is described below. 
.3.1. Stir bar sorptive extraction in solution (SBSE) and in headspace 
HSSE) 
ForSBSE and HSSE, we used a set of 20 Gerstel 10 mm x 0.5 mm
DMS stir bars (Gerstel, Germany). Prior to sampling, the stir bars
ere conditioned for 60 min at 260 °C under a continuous stream
f helium gas (grade 5.0) in empty glass tubes. After condition-
ng, they were individually stored in clean closed screw-cap glass
ials until use. Clean tweezers or a magnetic bar were used for
andling the stir bars. Each sample had its individual and trace-
ble stir bar. For the preliminary tests shown in Supplementaryable S1, PDMS MonoTrap (Monolithic Material Sorptive Extraction
MMSE), GL Sciences, Japan) and EG-Silicone stir bars (Gerstel, Ger-
any) were also tested and as the results did not show a compa-
able or better coverage of volatiles as PDMS stir bars, we did not
roceed further with these approaches. 
The following methodology was applied for the sample series:
 volume of 3 mL sample solution (2 mg/mL) in a 20 mL glass
ial was used for volatile trapping, which translates into a phase
atio of 125 (sample volume/PDMS volume, thereby 30 0 0 μL/ 24
L = 125). The use of a small phase ratio is fundamental for an
niform extraction of a wide range of compounds. For SBSE anal-
sis, the stir-bar was placed either in the Maxagusto solution or
ositioned in the headspace above the sample using a glass in-
ert (Gerstel, Mülheim, Germany) for HSSE ( Fig. 1 ). In the case of
BSE 2 analysis [18] , two stir bars were placed in the same vial,
ne for SBSE and one for HSSE ( Fig. 4 ). After inserting the stir
ars, vials were immediately closed and incubated in a water bath
t 60 °C for 10 min. To extract volatiles, samples were placed on
 multipoint magnetic stirring plate (Thermo Scientific Variomag,
altham, USA) at room temperature (RT), 450 rpm for a further
0 min. After the full extraction time (90 min, 60 °C + RT), the stir
ars were removed from the samples using tweezers or a magnetic
ar, rinsed for 2-3 seconds in ultraclean water, dried with a clean
issue and put into empty clean glass liners for desorption. The
nalyses were done right after sampling. Volatiles were first des-
rbed from the stir bars in a Thermal Desorption Unit (TDU, Ger-
tel) connected to the Cooled Injection System (CIS) of the GCMS.
esorption in the TDU was done in splitless mode at a tempera-
ure of 30 °C for 0.5 min, and a ramp of 120 °C/min to reach a fi-
al temperature of 250 °C (with a 5 min hold) using helium (Grade
.0) as carrier gas. The desorbed volatiles were focused in the CIS
n a glass liner packed with Tenax TA at -10 °C which was then
ushed for 0.2 min at -10 °C with helium flow of 35 mL/min (sol-
ent vent mode). The volatiles in the CIS were transferred to the
nalytical column by rapidly firing the trap from -10 °C to 250 °C
ith an increase of 720 °C/min after which the temperature was
eld at 250 °C for 5 min. A split of 1:5 was used. The desorption
nd injection was fully automated for all samples using a Gerstel
PS-2 autosampler and operated using Gerstel MAESTRO software
ersion 3.2. 
.3.2. Headspace solid-phase micro extraction (SPME) 
For SPME, a PDMS/DVB/CAR (Polydimethylsiloxane / Divinylben-
ene / Carboxen) 50/30 μm diameter, 1 cm length (Supelco, PA,
SA) fiber was used. Prior to analysis, the fiber was conditioned
s recommended by the manufacturer. 
The following methodology was applied for the sample series:
 volume of 1 mL sample solution (2 mg/mL) in a 10 mL glass
ial was used to trap volatiles. The vials were incubated at 60 °C
or 10 min with agitation. Subsequently, volatiles were trapped by
xposing the fiber to the headspace of the vial for 20 min at 60 °C
ithout agitation ( Fig. 1 ). The fiber was then thermally desorbed
n the CIS containing an empty glass liner (1 mm ID) with a he-
ium flow of 1 mL/min at 250 °C for 2 min onto the GC column, in
plitless mode. Trapping and injection was fully automated using
 Gerstel MPS-2 autosampler and operated using Gerstel MAESTRO
oftware version 3.2. 
.3.3. Dynamic headspace extraction (DHS) 
The trapping of the volatiles was done using the DHS module
y Gerstel mounted onto a Gerstel MPS-2 autosampler and op-
rated using Gerstel MAESTRO software version 3.2. A glass tube
acked with 60 mg of Tenax TA (Gerstel, Germany) was used as
dsorbent. Before sampling, the Tenax tube was conditioned for 60
in at 285 °C with a constant flow of helium (Grade 5.0) as carrier
as. 
4 C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 
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m  The following methodology was applied for the sample series:
A volume of 3 mL sample solution (2 mg/mL) was added to a 20
mL glass vial. The samples were first incubated at 30 °C for 10 min,
with agitation. For DHS analyses, 30 °C was chosen instead of 60 °C
due to problems with water trapped on the Tenax phase. After in-
cubation, volatiles were collected on the Tenax cartridge by purg-
ing the vial with a continuous flow of helium at 30 mL/min for 10
min ( Fig. 1 ). The temperature of the vial was maintained at 30 °C
while the temperature in the Tenax trap tube set to 20 °C. After
collection, the Tenax tube was purged with a helium flow of 10
mL/min for 5 min at 28 °C in order to remove moisture and re-
mained oxygen. Cartridges were directly desorbed as described in
Section 2.3.1 for SBSE and HSSE. The volatiles in the CIS were des-
orbed in splitless mode for the first 4 min after which a split 1:40
was applied. 
2.4. Gas-Chromatography Mass-Spectrometry (GCMS) 
For all four trapping techniques, the same instrument and set-
tings were employed. All analyses were conducted on an Agilent
GC7890A coupled to a 5975C quadrupole mass spectrometer. The
column used was a Zebron ZB-5MSplus with dimensions 30m x
0.25mm x 1.00μm (Phenomenex). The column oven was tempera-
ture programmed starting at 45 °C for 2 min, then increased at a
rate of 5 °C/min to 250 °C and then maintained at 250 °C for 5 min.
The carrier gas was helium, at a flow of 1 mL/min. The column ef-
fluent was ionised by electron impact at 70 eV, in the scan range
m/z 33–500. The interface temperature was 280 °C. 
2.5. Experimental procedure and data analysis 
We analysed eight replicates for both Maxagusto products. The
analysis order was kept the same for all the techniques. A series of
n-alkanes were analysed at each sequence for calculating retention
indices (RI) using a third order polynomial function. 
After visual inspection of the GCMS total ion current chro-
matograms using vendor software, raw data were processed us-
ing an untargeted metabolomics approach. Baseline correction and
alignment of mass signals (s/n ≥ 3) were performed using MetAl-
ign software [19] . Mass signals present in ≤4 replicates were dis-
carded. Signal redundancy was removed and mass spectra were
reconstructed using MSClust [20] . Metabolites were identified by
matching the mass spectra and retention indices to authentic refer-
ence standards or those in the NIST17 Mass Spectral library (v.2.3).
For statistical analysis, we compared and visualized the main
tendencies of the generated data by principal components analysis
(PCA) after log 10 transformation and Pareto scaling of the samples
using SIMCA 15.0.2. software (Sartorius Stedim Data Analytics AB,
Umeå, Sweden). Graphs were also produced using Microsoft Excel
365. 
3. Results and discussion 
This study was initiated to investigate the potential of four
analytical techniques for trapping a range of different classes of
volatiles present in process flavours with contrasting chemical
compositions. Maxagusto process flavours were chosen for their di-
versity in chemical groups relevant for defining flavour and aroma
profiles. The four techniques were chosen for their simplicity, easy
manipulation and robustness in extracting a high range of volatile
compounds directly from the headspace or liquid mixture with-
out having to use toxic organic solvents [5] . Each technique was
separately pre-optimized for the best trapping conditions in terms
of comprehensiveness before the trapping procedures were com-
pared. The parameters that were optimized are summarized in the
Supplementary Table S1. .1. Untargeted volatile comparison of the four different techniques 
Metabolomics aims to characterize comprehensively a broad
ange of small molecules in a biological sample. Most importantly,
t helps to compare accurately the global metabolite profile be-
ween groups of samples and thus to identify discriminatory com-
ounds. However, the method of extraction has a major influence
n the range of metabolites detected. In this study, we aimed to
emonstrate that the use of different trapping techniques deliv-
rs distinctly different profiles for volatile compounds of process
avours, both in terms of comprehensiveness and repeatability. The
esults were first compared in an unbiased way by looking at the
omplete volatile compound spectrum using a metabolomics ap-
roach. Raw GCMS data were processed using an untargeted work-
ow pipeline and processed data were tested for their repeatability
nd selectivity. For both Maxagusto types, SBSE revealed the high-
st number of compounds as compared to the other three trap-
ing techniques ( Table 1 ). SPME also revealed a high number of
ompounds, while DHS appeared to detect the smallest number
f compounds which was not completely unexpected. With DHS,
e experienced technical limitations due to water interfering with
he trapping of volatiles when a sampling temperature of 60 0 C
as used, even after using very large purging volumes. Hence,
0 °C was used and therefore it would be incorrect to compare
esults from the SPME technique directly with those from DHS.
evertheless, we have decided to include the DHS findings due
o the strong qualitative differences that were observed for certain
ensory-relevant chemical groups. The repeatability represented by
he coefficient of variation (CV) of all compounds was lower for
he SBSE and SPME data compared to that of HSSE and DHS. HSSE
ppeared to deliver the least repeatable data. Our results confirm
ublished data where SBSE, although not widely used, has demon-
trated its effectiveness in trapping predominantly non-polar and
emi-polar compounds from liquid food samples [6] . SBSE has also
elivered more comprehensive profiles than SPME in liquid matri-
es, such as wine [21] and coffee [22] . 
Principal components analysis (PCA) was performed to visualise
ow the volatile composition differed between the four techniques
 Fig. 2 ). Based on all detected volatile compounds the first two PCs
how a clear separation of the profiles of the four different tech-
iques for both Maxagusto G28 ( Fig. 2 A) and S99 ( Fig. 2 B). The first
wo PCs explained more than 80% of the total variance for both
axagusto types respectively. Variation of the samples for each
pproach was smaller than between techniques indicating good re-
eatability. The biggest difference was found for SBSE in both sam-
le types (G28 and S99) as PC1 separates these from all other tech-
iques. Furthermore, SPME samples also seem to have a more dis-
inct profile compared to the other methods. Interestingly, despite
he different sorbent (PDMS vs Tenax) and means of trapping the
olatiles (one being a dynamic and one a static method), there was
 strong similarity in the volatile composition from DHS and HSSE.
he reasons behind this are not yet clear, however, the variables
nvolved could be related to the type of adsorbent phase used and
he dimensions of the coating phase, as well as to the previously
entioned lower temperature used for DHS. 
The differences between the techniques in the PCA were re-
ected by the overlap of compounds visualized by a Venn diagram
howing the total number of volatiles detected for both Maxagusto
amples ( Fig. 2 C and D). In both samples, the subset of com-
ounds commonly detected across all four techniques formed the
argest group. In total, 47 compounds were commonly detected in
28 ( Fig. 2 C) and 53 compounds in S99 ( Fig. 2 D). However, SBSE
lso trapped an additional, almost equal number of compounds (39
nd 43, respectively) that were unique for this technique while the
ther techniques uniquely trapped only between 1-12 additional
etabolites. Both SPME and SBSE also shared many compounds
C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 5 
Table 1 
Number of compounds detected by an untargeted study in Maxagusto samples G28 and S99 using the four 
techniques. Eight replicates were measured for the statistical analysis. SBSE: Stir-bar sorptive extraction; HSSE: 
Headspace sorptive extraction; SPME: Solid-phase microextraction; DHS: Dynamic headspace system. 
G28 S99 
SBSE HSSE SPME DHS SBSE HSSE SPME DHS 
Number of compounds detected 158 73 122 68 164 89 134 76 
Number of known compounds 51 31 44 27 59 46 49 36 
Coefficient of variation (%) 1.66 18.60 2.99 3.38 3.57 10.35 4.40 7.45 
Fig. 2. Principal components analysis (PCA) score plot of the volatile profiles of Maxagusto G28 (A) and S99 (B) using four trapping techniques. Eight replicates for each 
technique are represented. The first and second PC explain the corresponding percentage of variation shown on each axis. 
Venn diagram representing the total number of metabolites detected by SBSE, HSSE, SPME and DHS in Maxagusto samples G28 (C) and S99 (D). SBSE (blue): Stir-bar 
sorptive extraction; HSSE (grey): Headspace sorptive extraction; SPME (orange): Solid-phase microextraction; DHS (green): Dynamic headspace. Compounds considered at 
least present in 5 out of the 8 replicates. 
6 C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 
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w  that DHS and HSSE could not trap. As a conclusion, SBSE followed
by SPME were the techniques giving the most comprehensive pro-
files in terms of numbers. However, qualitative differences should
also be considered of importance as detailed further below. 
3.2. Targeted volatile compounds trapped by SBSE, HSSE, SPME and 
DHS 
To study the differences between the trapping techniques in
more detail, we looked at the number of compounds identified
in both G28 and S99 samples (Supplementary Tables S2 and S3,
respectively). Compounds were identified based on comparison of
the retention index (RI) and the mass spectra of authentic refer-
ence standards or from commercial and in-house libraries includ-
ing NIST. The level of identification given follows the guidelines of
the Metabolomics Standards Initiative [23] . All compounds with no
or a lower level of identification reliability (levels 3 and 4) were
here considered as ‘unknowns’ (Supplementary Table S4 and S5).
For evaluation, the volatiles detected were divided into the fol-
lowing chemical groups: aromatics, polysulfides, pyrazines, aldehy-
des, sesquiterpenes/monoterpenes hydrocarbons/alcohols, and ‘oth-
ers’. Detailed analyses of the groups of identified compounds found
in the different trapping profiles revealed that some metabolite
classes are better represented by some trapping techniques than
others. Polysulfides, pyrazines and aromatics were more abun-
dant in G28, whereas S99 revealed primarily sesquiterpenes and
monoterpenes as well as polysulfides and pyrazines. The total
number of identified compounds was 55 for G28 and 60 for S99.
To visualize the main trend of the identified compounds across
the four techniques, a graph was made to show the relative con-
tribution of each compound in each technique ( Fig. 3 ). A no-
ticeable observation was the high contribution of SBSE to trap-
ping pyrazines, as compared to the other techniques. This was ob-
served for both Maxagusto G28 ( Fig. 3 A) and S99 ( Fig. 3 B) samples.
DHS trapped a considerable amount of monoterpene hydrocar-
bons whereas sesquiterpene hydrocarbons were more prominent
in SPME data than in those of the other techniques. Sesquiterpene
alcohols were trapped mostly by SBSE, as well as some other aro-
matics. The aromatics, aldehydes and the group ‘others’ appeared
to show the greatest variation between compound regarding trap-
ping across the four techniques. These clear differences are also
important when making choices for analysing food samples that
may be richer in specific chemical groups of compounds. Or when
the purpose of the analysis focuses on characterizing just one class
of compounds. 
In the following sections some specific observations for the dif-
ferent chemical groups are described. 
3.2.1. Polysulfides 
Polysulfides are important (savoury) components in food flavour
research. They are characterized by having an alliaceous, sulphur,
roasted garlic type flavour ( http://www.Foodb.ca ). In this study, a
total of 14 and 9 polysulfides were identified in G28 and S99 sam-
ples respectively (Supplementary Fig. S1). Seven were common to
both samples. Sulfides or polysulfides (disulfides, trisulfides, etc.)
with allyl- and methyl- groups were seen to be the most abundant
S-containing compounds. Interestingly, most polysulfides were de-
tected by all the techniques. However, the distributionin the four
techniques is not the same for sample G28 and S99 which might
be due to the absolute abundance of polysulfides. Polysulfides in
G28 were 30 times more abundant than in S99 (Supplementary
Fig. S2) and, hence, a slightly different distribution between tech-
niques was observed in both samples. In sample G28, polysulfides
with low molecular weight (low RI) were more prominent when
using DHS, whereas those with high molecular weight (MW) were
more prominent when using SBSE. In the case of diallyl trisulfidePs14), highest levels were detected when using SPME. HSSE ap-
eared least successful in trapping polysulfides. Overall, polysul-
des with allyl- and methyl- groups were the most abundant sul-
hur compounds in Maxagusto process flavours and all four tech-
iques could be used for the analysis of this type of aroma com-
ounds. It should be noted that S-containing compounds can be
hermally labile and may oxidize to form polysulfides, thus, when
nalysing by GCMS, artefact formation has been observed [ 24 , 25 ]. 
.2.2. Pyrazines and other aromatics 
In this study, pyrazines were grouped separately from the aro-
atic compounds due to their specific relevance to flavour [26] .
hey confer a roasted, nutty, cocoa, sweet flavour character ( http:
/www.Foodb.ca ) and they have been characterized in yeast ex-
ract flavourings by SPME-GCMS [27] . A total of 15 and 9 pyrazines
ere detected in G28 and S99, respectively (Supplementary Fig.
2 A and B). There were two major pyrazines present in both
amples: 3-ethyl-2,5-dimethyl pyrazine (P05) and 2,5-dimethyl-
-(3-methylbutyl) pyrazine (P16). Those techniques that trapped
yrazines most effectively were SBSE and SPME. HSSE and DHS
id not trap all these compounds. The reason may be related to
he temperature used to extract the volatiles: 30 0 C for DHS, SBSE
nd HSSE as compared to 60 0 C in SPME. It is known that some
yrazines can be thermally formed when high temperatures are
sed [26] and they are more polar compounds. SBSE traps volatiles
ithin the liquid phase, thus potentially making the trapping effi-
iency higher for more polar and semi-volatile compounds [6] . 
The other class of compounds better represented when using
BSE is the aromatics. Aromatic heterocyclic compounds can be
ound in foods, often at low concentrations. However, they can be
ighly influential to the overall flavour by contributing to aroma
omplexity of food. Heterocyclic compounds have been strongly
inked to ‘roast meat’ flavour formation during heating and are im-
ortant compounds in processed foods and food flavouring [11] .
hey are formed from many degradation pathways, the most im-
ortant concerning Maillard reactions between amino acids and
ugars. However, some can be formed from lipids or from lipid
egradation products [17] . This group of compounds is chemically
iverse so the distribution between the techniques for the trapping
f these volatiles is more varied (Supplementary Fig. S2). Again,
hile SBSE appeared the best overall trapping method, other ap-
roaches, such as SPME or DHS, were sometimes better for indi-
idual molecules suggesting that trapping success is perhaps more
tructure-dependant within this diverse compound class. 
Sulphur-containing heterocycles (1,2-dithiole, Ar08; and 2-
inyl-1,3-dithiine, Ar14) were the most abundant in G28 (Supple-
entary Figs. S2 C and D). SBSE and DHS were the techniques
hat trapped the S-containing heterocycles more effectively. On
he other hand, thiophenes and N-containing heterocycles, such as
yridines and pyrroles, were better trapped by SBSE with the ex-
eption of 3-methyl thiophene (Ar03) which was more prominent
n DHS. 
.2.3. Terpenes 
In plants, terpenoids (monoterpenes and sesquiterpenes) play
mportant highly diverse roles in nature as plant hormones, de-
ence compounds, insect / animal attractants and repellents, etc.
28] . In flavour science, terpenoids are important when formulating
ew flavouring ingredients as they confer a wide range of aroma
haracters, such as sweet, herbal, spicy and woody [29] . A total of
 monoterpene hydrocarbons, 1 monoterpene alcohol, 12 sesquiter-
ene hydrocarbons and 3 sesquiterpene alcohols were identified
y one or more of the four trapping techniques (Supplementary
ig. S3). In sample G28, only 1 terpene (p-Eugenol, Supplemen-
ary Table S2) was identified. In S99, the major terpene compound
as the sesquiterpene caryophyllene (Supplementary Table S3) but
C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 7 
Fig. 3. Relative proportion of identified metabolites trapped for each techniques grouped per compound class. (A) Maxagusto G28 and (B) Maxagusto S99. Metabolite names 
correspond to metabolites in Supplementary Table S2 and S3. 
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b  his has for practical reasons been excluded from Figs. 3 and S3
s its abundance was at least 10 times higher than the others
nd the peak was saturated. All monoterpene hydrocarbons ob-
erved were detected by all the techniques although DHS revealed
elatively higher levels than SBSE, HSSE or SPME each of which
howed similar results. The same was observed for other terpene
ompounds, which were better recovered by DHS as compared
o SPME [30] . One monoterpene alcohol (Ma01) was clearly visi-
le using SBSE but was not detected when using HSSE and DHS.
n the case of sesquiterpene hydrocarbons and sesquiterpene al-
ohols, all the techniques appeared able to trap all types. SPME
as the most effective in trapping sesquiterpene hydrocarbons
hile SBSE was better (or the only one) able to trap sesquiter-
ene alcohols than HSSE, SPME or DHS. Based on standard de-
iation values, SBSE appeared the most repeatable for monoter-
enes and sesquiterpenes in sample S99. The high trapping effi-
iency of SBSE for sesquiterpene alcohols may be due to the high
olecular weight (and hence are less volatile) and high polarity
f these compounds. This could entail that they are poorly re-
eased into the headspace [4] . The SBSE technique has previously
een characterized for its effectiveness in trapping semi-polar and
olar compounds which SPME and/or DHS are unable to do so
31] . Moreover, modifications of the SBSE technique by e.g. pre-
reating the stir bars with organic solvents provide interesting po-
ential to broaden the trapping of more polar and less volatile
ompounds, as compared to normal SBSE, offering improvements
or the analysis of food flavourings, including process flavours. Im-
t  ortant polar aroma compounds, such as short chain fatty acids
C3-C5), were detected by the modified SBSE method [ 6 , 32–34 ].
owever, it also obscures other compounds which co-elute or in-
erfere with the polar metabolites [34] . Overall, all four techniques
re able to trap most of the terpenoids observed. SBSE traps a con-
iderable amount of sesquiterpene alcohols that other techniques
annot detect while SPME is able to trap a considerable amount of
esquiterpene hydrocarbons. Interestingly, DHS profiles were rich
n monoterpene hydrocarbons making this technique the preferred
hoice when this group is of specific interest. Their MW is much
ower than for sesquiterpenes, potentially making them more suit-
ble for dynamic headspace techniques. 
.3. Combining headspace and in-solution trapping (SBSE 2 ) 
HSSE seems, in general, the technique least suited for the
olatile analysis of Maxagusto process flavours. Nevertheless, for
ome aldehydes and aromatics it, together with SBSE, could make
n important trapping technique when both are combined to-
ether. Therefore, a dual stir bar sorptive extraction (SBSE 2 ) was
arried out to test the comprehensiveness of combining HSSE and
BSE in one desorption/chromatogram [18] . The analysis was done
y placing two stir bars in the same vial, one located in the
eadspace above the liquid and the second stir bar immersed in
he aqueous solution ( Fig. 4 ). After trapping the volatiles, both stir
ars were placed in the same desorption glass tube and desorbed
ogether onto the GCMS to deliver a single chromatogram. Results
8 C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 
Fig. 4. SBSE 2 sampling. A few distinguished compounds are shown as examples: Polysulfides (A); Aldehydes (B); Aromatics (C); Pyrazines (D). Abundance of those compounds 
is expressed in Total Ion Current (TIC) ∗ 10 6 , for the different trapping techniques (Dual, SBSE and HSSE). Mean and sd values of three replicates are also shown. Metabolite 
names correspond to metabolites in Supplementary Table S2. 
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pshowed that SBSE 2 extraction was able to trap all the volatiles
that were extracted by SBSE and HSSE separately. A few examples
of polysulfides, aldehydes, aromatics and pyrazines are shown in
Fig. 4 . Compounds that are mostly (or only) trapped by one mode,
such as pyrazines in SBSE, are altogether trapped in the dual mode.
However, for the process flavours analysed in this study, the num-
ber of compounds trapped only by HSSE was very small, show-
ing no significant additional information. Thus, the combination
of both methods, for this type of process flavours, does not bring
an improved level of comprehensiveness compared to individual
SBSE or HSSE sampling. Nonetheless, performing SBSE 2 was proven
to cover the range of volatiles that were more selective for both
modes of trapping. Suggesting that a dual combination approach
will increase the coverage of volatile metabolites in samples that
contain a high diversity of compound classes. 
3.4. Effect of salt addition in sample preparation 
The addition of salt changes the physico-chemical properties of
the sample solution which can sometimes help to release volatiles
from the sample matrix into the gas phase when headspace tech-
niques are used. Some salts, like NaCl, have been shown to en-
hance the release of certain volatile molecules from a liquid into
the headspace [2] . In doing so, they increase the sensitivity of the
analytical technique. However, in process flavours, this effect might
not be wholly beneficial for all chemical groups of interest which
are present in the sample. 
The total abundance of volatiles was analysed using SPME-
GCMS, after samples (Maxagusto G28 and S99) had been prepared
with the addition of sodium chloride (NaCl), calcium chloride
(CaCl 2 ) or just water. Polysulfide, pyrazine and aromatic groups
were more abundant in G28 ( Fig. 5 A), whereas S99 revealed pri-
marily sesquiterpenes and monoterpenes as well as polysulfides
and pyrazines ( Fig. 5 B). The addition of either NaCl or CaCl 2 in-
creased the abundance of most pyrazines, aromatics and alde-
hydes in the volatile profiles. Likewise, polysulfides were also
slightly enhanced. However, the abundance of volatile sesquiter-
penes and monoterpenes was observed to decrease when salts
were added ( Fig. 5 ). This contrast might be explained by differ-nces in the solubility and polarity between the different classes
f compounds. The ‘salting-out’ effect is proposed to enrich for
he more hydrophilic compounds (log K O/W < 3) in the headspace
5] . Pyrazines (and other aromatics) are highly water soluble com-
ounds and, depending on the functional groups attached to them,
heir surface polarity can also be high. Consequently, their concen-
ration in the headspace can be expected to increase in samples
ollowing salt addition. Terpenes, however, are apolar molecules
hat possess low water solubility. Consequently, their abundance in
he headspace decreases when compared to solutions without salt.
onoterpenes are more water soluble than sesquiterpenes because
f their lower MW and slightly higher solubility, and this might
xplain why sesquiterpene abundance in the headspace decreased
ignificantly on the addition of both NaCl and CaCl 2 whereas
onoterpenes were much less affected ( Fig. 5 ). Polysulfides and
ldehydes are also polar and soluble in water, but their solubil-
ty and polarity are lower than for pyrazines. Therefore, when salt
as added, their abundance increased in both sample types but
ess dramatically. 
A difference between using CaCl 2 or NaCl was only observed
or pyrazines. Furthermore, we observed the lowest standard de-
iations (sd) for the pyrazines and the highest for sesquiterpenes
 Fig. 5 ). This may relate to differences in the chemical structure
r dynamic range of the compounds. There are no differences in
he sd values when comparing samples without salt, with CaCl 2 or
aCl. 
In conclusion, the addition of salt increases the abundance of
olatiles in the headspace trapped by SPME, with the exception of
erpene compounds. Adding salt primarily had more quantitative
han qualitative influence on volatile profiles. These results demon-
trate that the addition of salt(s), although increasing the abun-
ance of certain compound groups might not necessarily be the
ethod of choice for an untargeted analysis of headspace volatiles
n food flavourings. In this study, salt was not used in the final
ethods due to its negative influence in the abundance of ter-
enes. 
C. Diez-Simon, B. Ammerlaan and M. van den Berg et al. / Journal of Chromatography A 1624 (2020) 461191 9 
Fig. 5. Effect of salt addition during sample preparation on the relative abundance of different volatile chemical groups, as detected for Maxagusto G28 (A) and S99 (B) 
respectively, analyzed by SPME-GCMS. Mean and sd of five replicates per treatment are given. Addition of sodium chloride (NaCl; dark grey), calcium chloride (CaCl 2 ; light 
grey) or just water (NoSalt; black). n = number of identified metabolites found per group. 
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 . Conclusions 
In this study, it was demonstrated that four different trapping
pproaches, SBSE, HSSE, SPME and DHS indeed provide different
olatile profiles for the Maxagusto process flavours used. Under
he experimental conditions applied, SBSE proved to be most suit-
ble in extracting volatiles such as polysulfides, pyrazines and ter-
ene alcohols, and generally provided the broadest spectrum of
ompounds. Moreover, SBSE trapped a significant extra number of
ompounds absent from the other profiles. This suggests that SBSE
ould be the most convenient starting point for the comprehen-
ive analysis of volatile compounds in similar food matrices. More-
ver, modifications of the SBSE approach provides interesting po-
ential to broaden the trapping of semi-polar and semi-volatiles
ffering beneficial choices for the analysis of food flavourings, in-
luding process flavours. On the other hand, SPME and DHS tech-
iques were the most successful in extracting sesquiterpenes and
onoterpenes hydrocarbons, respectively. This entails that, should
here be particular interest in this compound class, SPME (and
HS) would (also) be suitable for the analyses. Furthermore, both
PME and SBSE were the most repeatable techniques for generat-
ng data on the water soluble process flavours used here. 
Few studies have compared directly these kind of trapping tech-
iques for their robustness and comprehensiveness. The compari-
on of these techniques is crucial when some parameters cannot
e maintained constant, as each of the techniques differ in many troperties. Here it can be concluded that the extraction method
as a significant impact on the volatile profile of process flavours,
ased on the volatility, solubility and polarity of the compounds
argeted. In fact, this is a crucial step when the focus of the anal-
sis is the contribution of these volatiles to the aroma and taste
f process flavours. Carefully weighed choices must therefore be
ade regarding the best combination of analytical procedures to
mploy. For broadest comprehensiveness more than one protocol
ight be needed depending on the chemical complexity of the
pecific samples to be characterised. For this study, a combination
f SBSE and SPME would give the best result. However, this en-
ails extra labour and input costs and therefore SBSE would be the
ndividual method of choice. 
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